The purpose of this study is to develop an understanding of the biological mechanisms governing piping erosion resistance in organic soils. Our previous investigations demonstrated the ability of organic soils such as peat and compost to effectively decrease piping erosion progression when mixed with otherwise highly erodible silty sands. However, degradation of important geomechanical properties after the addition of the organic soils limits the applicability of this bioabatement method. To better understand the processes of the erosion reduction and the geomechanical detriments, two additional phases of research are performed. First, the possible influence of the unique shape and texture of the botanically derived organic constituents is eliminated in order to more precisely focus on the biological aspects. Results substantiate the hypothesis that the presence of extracellular polymeric substances (EPS) can affect piping erosion behavior. The second phase further investigates this hypothesis by quantifying total biomass and two EPSs, polysaccharides and a glycoprotein called glomalin, in various organic and nonorganic soils. Results of the analyses indicate positive correlations between the presence of both EPSs, total microbial populations, and erosion reduction. The presence of both microbially and synthetically derived polysaccharides contribute to a reduction in piping erosion progression.
INTRODUCTION
Our previous study revealed the ability of organic soil to reduce the progression of piping erosion when mixed with a highly erodible silty sand (Adams and Xiao 2010) . Further investigations substantiated that increased proportions of organic soil mixed with erodible sand result in increased resistances to piping erosion (Adams and Xiao 2011) . However, it was also observed that the addition of organic soil resulted in significant geomechanical detriments. Two hypotheses explaining the reduction in erosion are suggested: (1) the unique shape and surface texture of the botanically derived organic particles increases particle -particle frictional resistance; and (2) the presence of microbially derived extracellular polymeric substances (EPS) results in the formation of particle-bonding biofilms that resist erosion. The goal of this study is to further investigate hypothesis (2) by eliminating hypothesis (1) as a variable in the erosion process. Hypothesis (2) is further investigated through quantification and analysis of certain EPSs in various soils.
EXPERIMENTAL METHODOLOGY

Materials Characterization
Two organic and two nonorganic base materials were utilized in this study. The organic materials constituted a naturally occurring fibrous peat and a manmade cocompost. The peat was sampled from the banks of a river near the town of Kerman in the San Joaquin Valley of central California. The soil's location and composition suggest that it is likely a fibric histosol resulting from the partial decomposition of the abundant tule-reed beds in the region (Brady and Weil 2002) . Kerman peat, here abbreviated as KP, is light brown in color when dry and dark brown when wet, contains visible organic fibers and large particles, and is non-plastic. The peat was sampled and immediately placed in airtight containers at room temperature (20-22° C) for storage and testing. The cocompost is a commercially produced cocompost that contains equal proportions by mass of green waste and bio-solids. The cocompost contains large, relatively fresh organic particles and closely resembles the KP. The two nonorganic base materials constituted a fine-grained silty sand and a manmade athletic-field conditioner called Turface. The fine-grained silty sand, here abbreviated as FGS, was originally sampled directly from a construction site stockpile and is typical of fine-grained cohesionless soils known to be highly susceptible to piping erosion (Terzaghi et al. 1996; Wan and Fell 2004a,b) . The Turface was created by heat-treating montmorillonite clay to produce a ceramic material that was then milled and processed into various grain sizes that imitate those of natural soil.
Hole-Erosion Test Experimental Setup
The hole erosion test (HET) method was designed to investigate a soil's overall resistance to erosion along a preexisting piping channel. The HET setup is shown in Fig. 1 . The device was modeled after the apparatus developed by researchers at the University of New South Wales (Wan and Fell 2004a,b) . The test was conducted on specimens measuring 7.0 cm in diameter and 14.0 cm in length. Clear acrylic tubing and end caps were used for the specimen mold and allowed for easy observation of the specimen during all phases of testing. The end caps were designed in such a way that eroded soil particles were able to exit from the specimen unhindered. The specimen was created by compacting the soil directly within the mold to its maximum dry density in thin, uniform layers at optimum moisture content. Maximum dry density and optimum moisture content were obtained using the Harvard miniature compaction apparatus. In the Harvard miniature compaction test, each of the three uniform layers of the specimens received 25 tamps from a 89 N spring. A concentrically located hole was pre-formed during compaction of the erosion test specimen using a metal rod with a diameter of 0.65 cm. This hole simulated an initial piping channel and spanned the entire length of the specimen. A specially designed tamper covering nearly the entire cross sectional area of the specimen was used to achieve consistent densification within each layer. The handle of the tamper was hollow and closely encased the metal rod that was used to form the initial piping hole. This ensured that the soil adjacent to the piping hole was not over-or under-compacted. De-ionized water was introduced at the top of the cylinder via a constant-head reservoir and then passed through a 2.0 cm thick layer of uniform glass beads before reaching the specimen. The glass beads, measuring 0.6 cm in diameter, were used to evenly distribute the influent before it entered the simulated piping channel. Effluent with eroded soil particles was incrementally collected in buckets directly beneath the specimen. With the downstream side of the specimen open to atmosphere, a constant hydraulic gradient of four (4) was established, simulating possible field conditions. Each specimen was tested for a duration of 60 min or until failure, whichever occurs first. The failure was defined as enlargement of the initial piping hole to the perimeter of the mold. For each increment of effluent collection, a decanting and drying process was used to determine the total dry mass of eroded soil particles. This mass was used to calculate the erosion rate for each increment, defined as the eroded mass percentage of the original specimen dry mass per unit volume of effluent passing through the piping channel. 
Phase I Methodology -Exclusion of Organic Particle Shape and Texture
In our previous investigations, KP was added to the FGS and a reduction in erosion progression was observed. This reduction may be due to the presence of certain extracellular polymeric substances (EPS). These substances have been shown to possess glue-like properties as described by Brady and Weil (2002) and Comis (2002) . However, other properties, including particle-size gradation and individual particle shape and texture, may also affect piping erosion progression. The unique shape and textural characteristics of the botanically derived constituents of organic soils have been well documented in the technical literature (Brady and Weil 2002; Mesri and Ajlouni 2007) . As demonstrated by the 500x magnification scanning electron microphotographs (SEMs) in Fig. 2 , the flakey, highly perforated and cellular structure of the botanically derived organic material (Figs. 2a and 2b ) is in stark contrast to the smooth and rounded nature of most mineral grains (Fig. 2d) . In order to exclusively reveal the biological effect of organic soil on piping erosion progression, the two major physical characteristics (grain-size distribution and individual particle shape) must be excluded as variables in the erosion process. Therefore, the first phase of this study aimed to replace the organic soil with a mineral aggregate (with zero organic matter content) exhibiting the same particle shape and texture as that of the organic soil. When this mineral aggregate was mixed into the FGS, the erosion behavior can be compared with that of the FGS mixed with the organic soil that has been replaced. Turface (described previously) was used as a replacement for the organic soil. The flakey shape and rough surface texture of the individual particles make Turface a suitable candidate for replicating the unique shape characteristics displayed by organic soil particles, as indicated by the SEMs in Fig. 2a,b ,c.
In order to eliminate the influence of particle size, the grain size distribution of the Turface was adjusted to match that of the organic soils that it replaces. Two organic soils, KP and cocompost, were used to form the two comparison groups described in Table 1 . Both soils were mixed at mass ratios of 20% organic soil to 80% mineral aggregate. The sand-peat mixture is here referred to as FGS20%KP, while the sand-cocompost mixture is here referred to as FGS20%cocomp. Both mixtures exhibited low levels of susceptibility to piping erosion progression. The grain size distribution of the Turface was then matched to that of both the KP and the cocompost and mixed with the FGS at the same 20:80 mass ratio. The resulting mixtures are here referred to as FGS20%Turface(KP) and FGS20%Turface(cocomp), respectively. The resistances to piping erosion progression were then compared between FGS20%KP and FGS20%Turface(KP), and between FGS20%cocomp and FGS20%Turface(cocomp). Erosion behavior was investigated using the HET.
Phase II Methodology -Quantification and Analysis of EPSs
The second testing phase aimed to quantify two EPSs, polysaccharides and glomalin, in order to discover their potential relationships with and effects on the observed erosion reduction. Also quantified is the total biomass carbon content. Both glomalin (Brady and Weil 2002; Comis 2002) . As microbially derived substances, glomalin and polysaccharides content may be related to the types and amounts (represented by total biomass) of microorganisms present in the soil. Measurements were made on the four base materials utilized in the testing: KP, cocompost, FGS and Turface. Quantification of the three biological characteristics allowed for a base-level analysis of the possible correlations between the observed reduction in erosion and the measured concentrations of polysaccharides, glomalin, and total biomass.
For the polysaccharide measurement, concentrations were determined through a bioassay comparison with the sucrose standard curve based on optical density. Similarly, the glomalin concentrations in each material were determined by comparison with the bovine serum albumin (BSA) standard curve based on optical density. BSA was selected as a suitable comparison because of the similarity in molecular weights between glomalin and BSA. The total biomass content was determined using a fumigation and incubation method in which biomass carbon was calculated based on CO 2 -C evolved during the incubation period.
RESULTS AND DISCUSSION
Phase I Results -Exclusion of Organic Particle Shape and Texture
A comparison of the erosion rates of FGS20%KP, an organic soil, and the FGS20%Turface(KP), an inorganic soil, in Fig. 3 reveals the drastic difference in erosion potential between the two soils, despite their similarities in particle size distribution and particle shape/texture. A comparison of erosion rates of the FGS20%cocomp, an organic soil, and the FGS20%Turface(cocomp), an inorganic soil, indicates that once again the two soils with similar grain size distributions and particle shapes exhibit varying erosion behaviors. These results clearly illustrate the potential relationship between organic matter content and erosion resistance. Interesting to note, however, is the initially low erosion rate of the FGS20%Turface(cocomp) that ultimately increases toward the end of the test and terminates within the same order of magnitude as that of the other Turface mixture (Fig. 3) . These two soils also exhibited considerable variability in test duration ⎯ the mixture containing Turface with the same grain size distribution as the KP only sustained 6 min of testing before reaching the predefined failure point (enlargement of the preformed piping hole to the perimeter of the specimen mold), whereas the mixture containing Turface with the same grain size distribution as the cocompost sustained a full 42 min of eroding flows before reaching failure. The reasons for this difference are not fully revealed, but it is likely that the variation in the grain size distributions of the two soils plays a role.
Phase II Results -Quantification of EPSs
In Figs. 4 through 6 , the average erosion rates of the four soils are plotted versus the soils' three biological substance concentrations. The average erosion rates were determined by averaging the erosion rates calculated for each increment of effluent collection during the HET. For each of the base soils, it can be seen that higher concentrations of the biological constituents generally correlate with lower rates of erosion. The polysaccharide, glomalin, and biomass carbon contents are reported in units of milligrams of each substance per gram of sample, and each test was performed in duplicate in order to confirm the results. An interesting observation is the variability in average erosion rate between the KP and the cocompost despite their nearly identical concentrations of polysaccharides (Fig. 4) . This can perhaps be explained by observing the glomalin concentrations in Fig. 5 . The cocompost, which contains about 60% more glomalin than the KP, shows significantly less erosion. The overall correlation between erosion reduction and biological constituent concentration supports the hypothesis that the presence of these microbially derived substances can have a positive effect on a soil's susceptibility to erosion progression along a preexisting piping channel. Extrapolation of the data to consider the mixtures comprised of various combinations of the base soils, and thus varying concentrations of EPSs, is likely to reveal similar relationships. The relationships between biomass content and the concentrations of each of the two EPSs appear to display a positive correlation as well. Higher concentrations of both polysaccharides (Fig. 7) and glomalin ( Fig. 8) are generally matched by higher levels of biomass carbon content. This is expected and indicates the ability of larger soil microbial communities to produce higher concentrations of these substances. However, an interesting discrepancy exists. The KP, with considerably more biomass content than the cocompost, actually contains less glomalin. This supports the fact that diverse microbial communities in different soils are capable of creating different types and amounts of EPSs (Brady and Weil 2002) . This discrepancy is also reflected in the average erosion rate versus biomass carbon content data presented in Fig. 6 . 
CONCLUSIONS
This paper presents the findings of an investigation into the biological mechanisms affecting the progression of piping erosion in organic soils. The potential influence of the unique shape and texture exhibited by organic soil particles was eliminated as a variable in the erosion process in order to more precisely focus on the biological aspects affecting erosion. Quantification of certain extracellular polymeric substances (EPSs) in both organic and non-organic soils allows for further analysis of the biological influence. Results from the hole erosion test (HET) and bio-assay quantification lead to the following conclusions:
1) The biological influence on the observed reduction in piping erosion progression is substantiated by removing grain size distribution and particle shape/texture as variables in the erosion process.
2)
The ability of extracellular polymeric substances (EPSs) to act as erosionreducing organic glues is supported by positive correlations between measured EPS content and reduced erosion rates.
Further research is needed in order to substantiate the ability of EPSs such as polysaccharides and glomalin to exclusively reduce piping erosion progression. It is suggested that a source of concentrated EPS be used as a soil amendment in order to precisely reveal its ability to reduce erosion while maintaining the geomechanical characteristics of the soil.
